Abstract-We used a genetic lineage-labeling system to establish the material contributions of the progeny of 3 specific cell types to the cardiac valves. Thus, we labeled irreversibly the myocardial (␣MHC-Creϩ), endocardial (Tie2-Creϩ), and neural crest (Wnt1-Creϩ) cells during development and assessed their eventual contribution to the definitive valvar complexes. The leaflets and tendinous cords of the mitral and tricuspid valves, the atrioventricular fibrous continuity, and the leaflets of the outflow tract valves were all found to be generated from mesenchyme derived from the endocardium, with no substantial contribution from cells of the myocardial and neural crest lineages. Analysis of chicken-quail chimeras revealed absence of any substantial contribution from proepicardially derived cells. Molecular and morphogenetic analysis revealed several new aspects of atrioventricular valvar formation. Marked similarities are seen during the formation of the mural leaflets of the mitral and tricuspid valves. These leaflets form by protrusion and growth of a sheet of atrioventricular myocardium into the ventricular lumen, with subsequent formation of valvar mesenchyme on its surface rather than by delamination of lateral cushions from the ventricular myocardial wall. The myocardial layer is subsequently removed by the process of apoptosis. In contrast, the aortic leaflet of the mitral valve, the septal leaflet of the tricuspid valve, and the atrioventricular fibrous continuity between these valves develop from the mesenchyme of the inferior and superior atrioventricular cushions. The tricuspid septal leaflet then delaminates from the muscular ventricular septum late in development. 
T he formation of the valvar apparatus at the atrioventricular junction is a complex event, reflected in the high incidence of congenital malformations involving the definitive valves. 1 Definitive valves consist of the fibrous annulus, the leaflets, and the supporting tension apparatus, the latter made up of the tendinous cords and the papillary muscles. Studies using immunohistochemistry, scanning electron microscopy, fate-map analyses, and mutagenesis have significantly advanced our understanding of the formation of the valvar apparatus, [2] [3] [4] [5] [6] [7] [8] [9] [10] showing also that the morphogenetic programs for their formation are conserved in vertebrate evolution. 7 The material contributions of the different cell types to the components of the valvar complex, nonetheless, remain controversial. To date, it has been suggested that these components are derived from the subepicardial mesenchyme of the atrioventricular groove, 11, 12 the myocardium, 2, 3, 7, 13 and the atrioventricular endocardial cushions. 6 -9 Further insight into these lineages is essential if we are to clarify the origin of the components of the valvar apparatus.
To provide these insights, we have used a mouse genetic system based on Cre/lox recombination to label irreversibly 14 the myocardium, 15 endocardium and endocardially derived mesenchyme of the cushions, 16 and the neural crest cells. 17, 18 We studied chicken-quail chimeras 19 to investigate any contribution made by proepicardially derived cells to the formed valves in the chicken. Using these approaches, we have systematically assessed the contributions of the different lineages to the heart and the valvar complexes throughout development. The morphogenetic processes underlying formation of the atrioventricular valvar apparatus in the mouse was studied using a computer-aided 3D reconstruction protocol. 20 
Materials and Methods

Experimental Animals
The ␣MHC-Cre, 15 Tie2-Cre, 16 Wnt1-Cre, 17 and the R26R transgenic mouse lines 14 have been described previously. Embryonic age was determined according to the vaginal plug, with noon of the day on which the plug was first observed being taken as embryonic day 0.5 (E0.5). Embryos and fetuses were dissected in PBS. Amnion or tail biopsy genomic DNA was used for polymerase chain reaction (PCR) assays to detect the Cre-or lacZ transgenes. Proepicardium of HH 16/17 quails was transplanted to stage HH 16/17 chicken embryos according to a protocol established previously. 19 
␤-Galactosidase Activity Detection, Immunohistochemistry, and RT-PCR
Whole mount 5-bromo-4-chloro-3-indolyl ␤-D-galactoside (X-gal) staining of embryos was performed as described. 21 For detection of ␤-galactosidase activity in 20-m cryostat sections, embryos were equilibrated in 30% sucrose/PBS and embedded into OCT medium (Sakura, USA). Just before staining, sections of embryos were fixed with a 0.5% glutaraldehyde/PBS solution for 10 minutes at room temperature, followed by X-gal staining. For immunohistochemistry, the following primary antibodies were used: polyclonal antibody against sarco-/endoplasmic reticulum Ca(2ϩ)-ATPase (Serca2a; 1:8000); 22 polyclonal antibody against cleaved-caspase 3 (1:100; Cell Signaling Technology); monoclonal antibody against proliferating cell nuclear antigen (PCNA; 1:2000; Santa Cruz Biotechnology); and monoclonal antibody against Desmin (1:50; Monosan Clone D33). Nuclear fast red (Merck) was used to visualize nuclei. Detection of quail cells in 5-m sections of chicken-quail chimeras was performed as described. 19 RNA isolation, RT-PCR, and realtime PCR were performed as described. 23 
Nonradioactive In Situ Hybridization and 3D Reconstruction
Nonradioactive section in situ hybridization of 10-to 14-m sections of 4% paraformaldehyde-fixed FVB mouse embryos was performed as described previously. 24 Three-dimensional visualization and geometry reconstruction of patterns of gene expression determined by in situ hybridization were performed as described previously. 20 Files with reconstructions are available on request.
Results
Tissue-Specific Labeling of Myocardial, Endocardial, and Neural Crest Cells
The developmental onset of recombination of the conditional lacZ allele defines the stage from which the particular lineage can be tracked. The onset of Cre expression in the ␣MHC-Cre transgene in the FVB background was first detected at E7 ( Figure 1A ), which should result in onset of recombination shortly thereafter. Indeed, by E9, ␣MHC-Cre/R26R embryos showed ␤-galactosidase activity in the hearts, including the myocardium of the atrioventricular canal supporting the developing atrioventricular cushions ( Figure 1B) . Onset of Cre-mediated recombination in the endocardial cells and cushions of Tie2-Cre/R26R mice is observed at E9.5, concomitant with formation of the cushion mesenchyme. 16 Cells from the neural crest in Wnt1-Cre/R26R mice were labeled before they arrived in the heart. 18 Together, all 3 lineages are labeled before the beginning of formation of the atrioventricular valvar complexes. Because of this, it is possible to assess the contribution of each lineage to the definitive valves.
The ␣MHC-Cre line has been reported to recombine the R26R allele in the myocardium at E11.5. 25 To test the specificity of labeling by recombination of the myocardial lineage throughout development, sister sections of ␣MHC/ R26R embryos between E11.5 and E15.5 were stained for the presence of Serca2, which is specific for myocardium, and for ␤-galactosidase activity on sister sections. Activity of ␤-galactosidase was restricted to the myocardium and was never observed in the epicardium or endocardium or in any other nonmyocardial cell in the entire embryo ( Figure 1D and 1E). Because the pattern of activity of ␤-galactosidase matched completely that of Serca2, we first conclude that the ␣MHC-Cre line does not show ectopic activity, and second, myocardium subsequent to E9 does not transdifferentiate into another cell type. Selectivity of ␤-galactosidase activity was similarly tested in Tie2-Cre/R26R mice and found to be restricted to the endocardium and the mesenchyme of the cushions but was never observed in myocardium or epicardium ( Figure 1F , 1G, 1J, and 1K). Atrioventricular cushions were stained in their entirety by E12.5 in a pattern coinciding with the gradient in cell density from lumen to myocardium ( Figure 1H and 1I) . Activity of ␤-galactosidase and Serca2 staining were mutually exclusive, showing that mesenchyme derived from the endocardium does not transdifferentiate into myocardium. The endothelial layer of the coronary vessels also expressed ␤-galactosidase (see Figure 3D ). Furthermore, staining was noted in the ventricular walls (see Figure 3A) , revealing endocardial cells that had been trapped during compaction of the myocardial wall. The reported selectivity of recombination of the cells derived from the neural crest in Wnt1-Cre mice, 18 including the cardiac neural crest cells, was confirmed (data not shown). Therefore, none of the 3 transgenic lines show evidence of ectopic recombination.
Contributions of Lineages to Components of Valvar Complexes
Myocardial Lineage
We investigated ␣MHC-Cre/R26R mice to determine the contribution of cells derived from the myocardium to the atrioventricular valves. From E12.5 onward, we observed cells expressing ␤-galactosidase in the myocardial layer of the developing valve ( Figure 1D and 1E ). In contrast, neonatal ␣MHC-Cre/R26R mice and those at E17.5 had no cells expressing ␤-galactosidase either in the valvar leaflets or tendinous cords (Figure 2A through 2F ). This shows that the myocardium does not contribute materially to the leaflets or cords but disappears. Nonetheless, in some sections of newborn hearts, we did observe solitary ␤-galactosidasepositive cells located in leaflets. In sister sections, these cells were also seen to express Serca2, and were therefore myocardial cells and not transdifferentiated fibrous cells ( Figure  2C and 2D). Expression of Serca2 and ␤-galactosidase at the junction of the papillary muscle and the cords is similar, if not identical, showing that the myocardium does not contribute cells to the cords. Similarly, the atrioventricular fibrous continuity did not express ␤-galactosidase ( Figure 2G and 2H), demonstrating that it does not receive any contribution from the myocardial lineage. Leaflets of the aortic and pulmonary valves never received any myocardial cells during development ( Figure 2I and 2J).
Endocardial Lineage
We used the Tie2-Cre/R26R animals to investigate the contribution of the endocardium and endocardially derived mesenchymal cells of the cushions to the valvar leaflets and apparatus. At E17.5, we observed that leaflets of the tricuspid and mitral valves were almost entirely positive for ␤-galactosidase expression ( Figure 3A through 3C) , demon-strating their origin from the endocardium. In addition, the atrioventricular fibrous continuity expressed ␤-galactosidase, again revealing their origin from the endocardium ( Figure 3B and 3G). The pattern of ␤-galactosidase-positive cells in the cords at their junction with the papillary muscles is strictly complementary to the pattern of myocardial-specific expression of Serca2 ( Figure 3E and 3F). Therefore, we conclude that the tendinous cords are derived from mesenchyme that is of endocardial origin. Likewise, leaflets of the aortic and pulmonary valves are derived largely from endocardially derived mesenchyme ( Figure 3I and 3J).
Neural Crest Lineage
To explore whether or not, during development, cells migrating from the neural crest reside temporarily in the atrioventricular cushions, as they do in the cushions of the outflow tract (OFT), 18, 26 we analyzed Wnt1-Cre/R26R embryos from E9.5 until E14. At all stages, we observed large numbers of cells expressing ␤-galactosidase in the cushions of the OFT ( Figure 4A through 4C), consistent with data reported previously. 18 We did not observe such blue cells in the atrioventricular cushions. Nonetheless, at E13, we noted nerves from the neural crest invading the heart at its venous pole and extending into the atrioventricular junctional region, but not reaching as far as the atrioventricular cushions (data not shown). After their formation, atrioventricular valves are reported to be free of cells derived from the neural crest. 18 Together, we conclude that cells derived from the neural crest never enter the atrioventricular cushions or the valvar primordia.
Proepicardial Lineage
Proepicardially derived mesenchymal cells have been shown previously to populate the atrioventricular cushions during Whole-mount X-gal-stained E9.5 embryos (B and C). Serial sections of an E13.5 ␣MHC-Cre/R26R mouse heart stained for ␤-galactosidase (D) and Serca2 protein (E). Serial sections of an E12.5 Tie2-Cre/R26R mouse heart stained for ␤-galactosidase (F) and Serca2 protein (G). Comparable sections of an E12.5 Tie2-Cre/R26R mouse heart stained for ␤-galactosidase (H) and nuclear fast red (I). Serial sections of an E11.5 Tie2-Cre/R26R mouse heart stained for ␤-galactosidase (J) and Serca2 protein (K). Barsϭ100 m. AS indicates atrial septum; AV-C, atrioventricular cushion; LA, left atrium; RA, right atrium; LV, left ventricle; RV, right ventricle; IVS, interventricular septum; en, endocardium; ep, epicardium.
de Lange et al Lineage Analysis of the Valvesdevelopment. 12, 19, 27 To investigate any material contribution made by these proepicardially derived cells to the definitive valvar complexes, we made chicken-quail chimeras by grafting the quail proepicardium into the pericardial cavity of HH stage-16 chick embryos. 19 We then investigated, at stage 45 (E18), the contribution of the quail proepicardially derived cells to the chicken heart. Whereas the epicardium, the subepicardial connective tissue in the atrioventricular grooves, the coronary vessels, and the intramyocardial fibroblasts were seen to be derived almost exclusively from quail proepicardial cells ( Figure 4D ), very few such cells were seen in the caudal, or inferior, aspect of the mesenchyme of the tricuspid valvar leaflets ( Figure 4E ). No quail cells were detected in the cranial, or superior, aspect. Very few quail cells were seen in the mitral valvar leaflets ( Figure 4F ). Likewise, the leaflets of the aortic and pulmonary valves never received any proepicardial cells during development. 19 
Formation of the Mitral and Tricuspid Valvar Complexes
Results of the lineage analysis of the distinct components of the valvar apparatus prompted us to analyze the process of valvar formation during its development in the overall plane of the atrioventricular junctions ( Figure 5 ).
Mural Leaflets
The first visible event in formation of mural leaflets is the appearance of a small myocardial protrusion from the myocardium of the atrioventricular canal, first detected at E9.5 at the left side and at E10.5 at the right side ( Figure 6D and 6E). This protrusion expresses Tbx3 ( Figure 6D through 6F), a marker for the myocardium of the atrioventricular canal. 28 It does not express Cx40, Cx43 ( Figure 6G and 6H ), or ANF (data not shown), which are markers of the chamber myocardium. 29 Furthermore, compared with adjacent ventricular myocardium, less proliferation is observed in the myocardial cells of the protruding tongue and the atrioventricular canal ( Figure 7A through 7C) . Therefore, we conclude that the protrusion is an extension from the myocardium of the atrioventricular canal. The protrusion increases in size and forms a circumferential myocardial funnel-like structure originating from the AVC that expresses Tbx3 ( Figure 6A through 6C, and 6L). The area resembles, at the right caudal side, the complex in the human embryo that was termed the "tricuspid gully" 7 ( Figure 6J through 6M) . A very similar but less conspicuous complex is also seen at the left atrioventricular junction ( Figure 6J through 6M) , showing that the process of the formation of the cranial and caudal mural leaflets of the tricuspid valve ( Figure 5C ) is comparable to that of the mural leaflet of the mitral valve. The ventricular side of the myocardial funnel forms an irregular trabecular layer that expresses markers of ventricular myocardium but not Tbx3 (Figure 6F through 6I) . Therefore, the muscle supporting the leaflets receives contributions Figure 2 . Fate of the myocardial lineage in the mature heart. Serial sections of an E17.5 ␣MHC-Cre/R26R mouse heart stained as indicated (A and B) . Serial sections of a newborn ␣MHC-Cre/R26R heart stained as indicated (C and D). Enlargement of the papillary muscle region (box) of A and B (E and F). Serial sections of an E17.5 ␣MHC-Cre/R26R mouse heart stained as indicated (G and H). Sections of a newborn ␣MHC-Cre/R26R heart stained for ␤-Galactosidase activity (I and J). Barsϭ100 m. AFC indicates atrioventricular fibrous continuity; AVB, atrioventricular bundle; Ao, aorta; PT, pulmonary trunk; aovl, aortic valve leaflet; pvl, pulmonary valve leaflet; mml, mitral mural leaflet; msl, mitral septal leaflet; tsl, tricuspid septal leaflet. Other abbreviations as in Figure 1 .
from the atrioventricular canal and the ventricle. Behind the funnel, space is generated by proliferation and expansion of the ventricular wall, with holes and trabeculae developing within this area (Figures 6 and 8 ). This process was not associated with apoptosis. Whereas apoptosis was observed in the cushion mesenchyme at E13.5 and E14.5, 30 no evidence of apoptotic activity is found within the myocardium of this area ( Figure 7F and 7G) . At several sites, the myocardial sheet remains connected to the apical ventricular trabeculae. Formation of the trabeculae at the caudal side of the ventricle shows remarkable directionality, being orientated from the free wall toward the septum at the right side but toward the apex at the left side ( Figure 6J through 6M) .
By E12, the endocardial layer lining the mural parts of the myocardial funnel of the mitral and tricuspid valves has started to thicken at specific sites, most likely by local Figure 5D and 5F). By E14.5, these cushions cover the entire mural parts and have fused with the previously formed inferior and superior atrioventricular cushions ( Figure 5H ). By this stage, proliferation of the mesenchyme has decreased ( Figure 7D and 7E) . The atrioventricular canal itself increases significantly in size during this period and accommodates the rapidly expanding primordia of the mural valvar leaflets ( Figure 5D , 5F, and 5H). The myocardium below the leaflets and cords starts to disappear at E15 to E16, leaving a connection with the trabecular layer of the myocardium to form the papillary muscles. The disappearance of the myocardium was associated with apoptosis, which was appreciably more abundant from E15.5 onward (Figure 7H through 7N ).
Septal and Aortic Leaflets
The septal leaflet of the tricuspid valve and the aortic leaflet of the mitral valve form from the inferior and superior atrioventricular cushions, these already being present at E9.5.
The cushions fuse at E11.5 and become draped over the crest of the muscular ventricular septum by E14.5 ( Figure 5D through 5I), albeit with considerable parts of both cushions remaining as free structures above the cavity of the left ventricle ( Figure 5C , 5H, and 5I). At all sites where the cushions are supported by the septum, the underlying myocardium expresses Tbx3 ( Figure 6B , 6C, and 6L). The majority of the mesenchymal cells continue to cycle at E11.5, but cells in the core of the mesenchyme forming the leaflets become quiescent thereafter ( Figure 7A through 7E) . The right side of the fused cushions transforms into the septal leaflet of the tricuspid valve, along with its supporting tendinous cords, but stays connected to the myocardium until E16.5 to 17.5. Then, the leaflet detaches by delamination of the septal myocardium ( Figure 2G and 2H), a process associated with apoptosis of cells at the site of the separation ( Figure 7H through 7J, and 7N ). In contrast, the aortic leaflet of the mitral valve is never attached to or supported by myocardium during its formation ( Figure 5D through 5I), except at its cranial and caudal margins ( Figure 5C ), with cords connecting to the papillary muscles being formed at these sites. 
Discussion
We used a genetic system to label irreversibly the progeny of the myocardium, the endocardium, and the neural crest from embryonic stages onwards, following the fate of these cells into the mature heart. To be valid, Cre-mediated recombination must be specific, with no labeling of unintended lineages. The transgenic lines used here have been reported to be exceptionally specific, 16, 18, 25 and our analysis shows that, throughout cardiac development, Cre-mediated recombination in the heart occurred only in the intended cell types, with no ectopic activity. It has been suggested that myocardium transdifferentiates into fibrous tissues during valvar formation, or mesenchymal cells into myocardium during the "muscularization" of the mesenchymal septal structures. 7, 13, 31 However, the pattern of labeling in the ␣MHC-Cre/R26R embryos was identical to the pattern of expression of Serca2 and complementary to the pattern of labeling in the Tie2-Cre/ R26R embryos. Therefore, we conclude that after the onset of recombination in the heart at E8 to E9, there is no transdifferentiation of either myocardial cells or endocardial cells and their derived mesenchyme.
Contributions of Different Tissue to the Valvar Apparatus
Previous studies had suggested important contributions to the atrioventricular valves and cords from either the subepicardial mesenchyme of the atrioventricular grooves or the ventricular myocardium. 2, 3, 7, [11] [12] [13] Using the recombination system, we have shown for the first time that the myocardial lineage does not contribute materially to the definitive fibrous tissues of the heart, including the valvar leaflets and cords of the tension apparatus. Our data indicate that these components are generated almost entirely from the cells derived from the endocardium, a finding also reported very recently by Lincoln et al, 32 although we cannot rule out the possibility that small numbers of cells of nonendocardial origin are present in these components. The septal leaflets and cords of the mature valves themselves are hinged from the layer of atrioventricular fibrous insulation formed on the crest of the muscular ventricular septum. Our analysis shows that the insulating structures are also formed from the endocardially derived mesenchyme of the atrioventricular cushions. 
de Lange et al Lineage Analysis of the Valves
Previous studies have indicated that the proepicardially derived mesenchyme of the atrioventricular groove makes contributions to the atrioventricular cushions, 12, 19, 27 and hence, to the formation of the valves. 12 However, our analysis of chicken-quail chimeras at late stages indicates that quailderived proepicardium provides only a minor material contribution to the leaflets of the formed valves. The fate of those cells derived from the proepicardium that have invaded the A model for mural valve development. The Tbx3 expressing (red) atrioventricular canal myocardial starts to form a protrusion in the direction of the ventricular lumen. By E10.5, the protrusion becomes well visible at the left and right sides. The underlying ventricular myocardium (gray) expands outward and forms holes and trabeculae, thus excavating the region behind the protrusion and creating a movable leaflet. After E11.5, the endocardium or thin layer of mesenchyme (yellow) lining the myocardial protrusion locally increases in mass by proliferation to form the lateral AV cushions, which subsequently will form the fibrous component of the mural leaflets. After E14.5, the myocardium of the leaflet will disappear by programmed cell death (pcd). Amyo, indicates atrial myocardium; Vmyo, ventricular myocardium. Other abbreviations as in Figure 1 .
cushions remains to be defined. Furthermore, because the expression of ␤-galactosidase appears homogenous within the valves of the Tie2-Cre/R26R mice, our analysis indicates that the leaflets and cords are derived almost exclusively from endocardial cells, leaving little room for contributions from the proepicardium. We cannot rule out the possibility of proepicardially derived cells initiating the expression of Tie2-Cre, by which they would become indistinguishable from the cells known to be derived from the endocardial cushions. Generation and analysis of a transgenic line expressing Cre selectively in the proepicardium will settle this issue unambiguously.
It was found previously that cells derived from the neural crest contribute significantly to the cushion mesenchyme within the OFT. 18, 26 However, the mature leaflets of the OFT valves were also shown to be virtually devoid of neural crest-derived cells. 18 Our analysis revealed that these leaflets receive a large contribution from the endocardium (Figure 3) , with no material derived from the proepicardium 19 or myocardium ( Figure 2 ). These data indicate that endocardially derived mesenchyme replaces neural crest-derived cells during late stages of valve formation. The precise mechanisms underlying this process require further investigation.
Morphogenesis of the Atrioventricular Valvar Apparatus
It is generally held that the valves initially form by delamination or detachment of the atrioventricular cushions from the ventricular myocardial wall. 3, 7, 9 This would result in a freely movable primordial leaflet constituted of mesenchyme and ventricular myocardium. Such a mechanism is responsible for formation of the septal leaflet of the tricuspid valve but cannot account for formation of the aortic and mural leaflets of the mitral valve nor the mural leaflets of the tricuspid valve. Our analysis of these leaflets showed several notable differences from this currently accepted mechanism involving delamination (Figure 8) . First, the lateral cushions are formed only after the appearance of a supporting myocardial sheet that is free from the ventricular wall. Second, this myocardial sheet has an atrioventricular rather than a ventricular phenotype. Third, it is growth of this sheet, coupled with expansion and excavation of the underlying ventricular wall rather than delamination or detachment, that generates the mobile valvar leaflets. Previous studies did not explicitly differentiate between the formation of mural as opposed to septal leaflets, which may have contributed to these discrepancies.
Our group has previously assigned an important role for the so-called tricuspid gully in the formation of the tricuspid valve in the human. 7 We have now shown that such a gully can also be recognized in the mouse, and appears to be no more than a subdomain of the Tbx3-expressing myocardial funnel that encircles the atrioventricular canal. Previously, the gully was found to be devoid of Gln2 reactivity, considered a marker for the ventricular boundary of the right atrioventricular canal, and hence was presumed to form from ventricular myocardium. 7 With the recent emergence of more precise markers that clearly distinguish atrioventricular from ventricular chamber myocardium, we can now show that the entire funnel, including the gully, has an atrioventricular phenotype. However, the atrioventricular muscle within the developing leaflets disappears with continuing development. Therefore, the muscle of the atrioventricular canal that persists after birth is sequestrated on the atrial side of the junction subsequent to formation of the fibrous annulus. 8 We have also shown that formation of the mural components of the tricuspid valve is not different intrinsically from formation of the mural leaflet of the mitral valve. Thus, the myocardial sheet supporting the valvar primordia is present throughout the mural margins of the atrioventricular canal but is more prominent at the dorsolateral side of the tricuspid valve. This is because growth of the lateral ventricular wall and excavation of the trabecular layer are more extensive at the right than at the left ventricular side. Furthermore, because of the differences in directionality of formation of the trabeculae in the caudal parts of the ventricles, the tricuspid sheet is initially preserved, whereas the mitral sheet becomes discontinuous ( Figure 6J through 6M) . The orientation of the trabeculae requires concomitant oriented growth of the myocardial wall. Elegant clonal analyses have already shown differences in the direction of growth of the ventricular chambers, being circumferential at the right side and radial at the left side. 33 This is in keeping with our observations concerning the direction of the trabeculae and might explain why the anterior papillary muscle of the tricuspid valve and the septomarginal trabeculation are connected to the ventricular septum, whereas the papillary muscles of the mitral valve are connected to the apex.
The myocardial layer of the valves disappears only late in development. Our lineage analysis excludes the possibility of transdifferentiation. Others suggested that the myocardium disappears because of differential growth. 9 Nonetheless, the disappearance of so many myocardial cells is difficult to reconcile with the moderate 2-fold increase in length of the valve during the period from E15.5 to E17.5 (data not shown). Our finding of apoptotic cells in the myocardial sheet throughout this period strongly indicates that programmed cell death is the underlying mechanism for its disappearance.
